Small RNA represent several unique noncoding RNA classes that have important function in the development of germ cells and early embryonic development. Deep sequencing was performed on small RNA from cumulus cells (recovered from germinal vesicle [GV] and metaphase II-arrested [MII] oocytes), GV and MII oocytes, in vitro fertilization-derived embryos at 60 h postfertilization (4-to 8-cell stage), and Day 6 blastocysts. Additionally, a heterologous miRNA microarray method was also used to identify miRNA expressed in the oocyte during in vitro maturation. Similar to the results of expression analysis of other species, these data demonstrate dynamic expression regulation of multiple classes of noncoding RNA during oocyte maturation and development to the blastocyst stage. Mapping small RNA to the pig genome indicates dynamic distribution of small RNA organization across the genome. Additionally, a cluster of miRNA and Piwi-interacting RNA (piRNA) was discovered on chromosome 6. Many of the small RNA mapped to annotated repetitive elements in the pig genome, of which the SINE/tRNA-Glu and LINE/L1 elements represented a large proportion. Two piRNA (piR84651 and piR16993) and seven miRNA (MIR574, MIR24, LET7E, MIR23B, MIR30D, MIR320, and MIR30C) were further characterized using quantitative RT-PCR. Secretory carrier membrane protein 4 (SCAMP4) was predicted to be subject to posttranscriptional gene regulation mediated by small RNA, by annotating small RNA reads mapped to exonic regions in the pig genome. Consistent with the prediction results, SCAMP4 was further confirmed to be differentially expressed at both transcriptional and translational levels. These data establish a small RNA expression profile of the pig cumulus-oocyte complex and early embryos and demonstrate their potential capacity to be utilized for predictions of functional posttranscriptional regulatory events.
INTRODUCTION
In eukaryotes, small noncoding RNA capable of regulating protein translation and RNA stability include miRNA, small interfering RNA (siRNA), and 24-to 30-nucleotide Piwiinteracting RNA (piRNA). Both miRNA and siRNA are produced from double-stranded RNA precursors after intracellular processing by Dicer. The mature single-stranded elements (19-23 nucleotides) can associate with the Ago clade of the Argonaute RNA-binding protein superfamily and participate in posttranscriptional gene regulation (PTGR) through sequencespecific interactions with mRNA molecules [1, 2] . MicroRNA are typically expressed in tissue-or cell-specific patterns [3] [4] [5] , whereas siRNA and piRNA are abundant in mammalian germ cells [6] [7] [8] [9] . As demonstrated in Drosophila [6] , zebrafish [10] , mice [11] , and rats [12] , piRNA can interact with the Piwi clade of the Argonaute superfamily and protect genome integrity against retrotransposon activity through silencing and gene regulation by targeting protein-coding genes during germ cell development [13] [14] [15] [16] [17] . Gene regulation via functional small RNA is important for a variety of biological processes, including development [16, [18] [19] [20] [21] , differentiation [22] [23] [24] [25] , and proliferation [26, 27] . Recent studies have demonstrated endogenous siRNA (endo-siRNA) and miRNA expression in oocytes [8, 9, 28, 29] and during embryo development [21] ; siRNA and piRNA are essential for gametogenesis [28] .
Despite the critical biological roles of functional small RNA, little information is available regarding small RNA expression during oocyte maturation and early embryo development in domestic animals. Pigs are widely used as an animal model to study oocyte maturation and early embryo development [30] [31] [32] [33] [34] [35] . Following germinal vesicle breakdown (GVBD), the inactivity of transcriptional machinery requires the utilization of maternal RNA stored in oocytes for translation of proteins necessary for the completion of meiosis, fertilization, and embryo development until the maternal-tozygote transition (MZT). MZT occurs around the 4-cell stage of development in pigs, as an activated embryonic genome transcribes genes necessary for subsequent development [30, 36] . During this period of transcriptional quiescence in the developing oocyte and subsequent embryo, the presence of specific miRNA and their ability to interact with specific mRNA molecules leading to PTGR may be a mechanism contributing to the quality and developmental competency of the maturing oocyte and subsequent embryo.
Whereas previous work in numerous pig tissues has identified a number of miRNA through molecular cloning, microarray profiling, deep sequencing, and computational prediction [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , little is known regarding the small RNA population during oogenesis and embryogenesis. The objective of the present study was to characterize small RNA expression in pig oocytes during maturation and early embryo development. SOLiD sequencing (Applied Biosystems) was applied to characterize the small RNA composition in maturing pig oocytes (germinal vesicle [GV] and metaphase II-arrested [MII] oocytes), 4-to 8-cell embryos collected at 60 h after in vitro fertilization (IVF), Day 6 blastocysts, and cumulus cells (recovered from GV and MII oocytes). This study demonstrates the comprehensive expression profiles of small RNA, including miRNA, piRNA with conserved sequence between species, and other small RNA in pig oocytes and preimplantation embryos, providing insight regarding the function of small RNA in mammalian oocyte maturation and during early embryonic development.
MATERIALS AND METHODS

Oocyte Collection and Maturation
All chemicals were purchased from Sigma Chemical Co. unless otherwise stated. Sow ovaries were obtained from an abattoir and transported to the laboratory in a thermos maintained at approximately 30-358C. Follicular fluid from 3-to 5-mm antral follicles was aspirated using an 18-gauge needle attached to a 10-ml disposable syringe. The cumulus-oocyte complexes (COCs) with multiple layers of intact cumulus cells and uniform ooplasm were selected for GV-stage sample collection or in vitro maturation (IVM). IVM was conducted in TCM 199 medium (Gibco BRL) supplemented with 0.1% (w/v) polyvinyl alcohol (PVA), 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 0.5 lg/ml of luteinizing hormone, 0.5 lg/ml of folliclestimulating hormone, and 10 ng/ml of epidermal growth factor at 38.58C and 5% CO 2 in air for 42-44 h. Following IVM, the cumulus cells of matured COCs were separated from oocytes by vortexing COCs in 0.1% hyaluronidase in Hepes-buffered Tyrode medium containing 0.1% PVA. MII oocytes were identified by the presence of an extruded polar body. COCs were separated using 1% hyaluronidase in Hepes-buffered Tyrode medium. Following separation, cumulus cells from both before and after maturation, in addition to GV and MII oocytes, were collected and snap-frozen in liquid nitrogen, then stored at À808C.
In Vitro Fertilization
In vitro fertilization was performed as previously described [49, 50] . Briefly, oocytes with a polar body after IVM were rinsed and transferred into equilibrated 50-ll droplets of modified Tris-buffered medium (MTBM) including 2 mM caffeine and 2 mg/ml of bovine serum albumin (BSA), with approximately 35 oocytes/drop. Fresh Duroc boar semen was rinsed twice using Dulbecco PBS (MP Biomedicals) plus 1 mg/ml of BSA, then diluted to a concentration of 1 3 10 6 sperm/ml using mTBM including caffeine and BSA. Fifty microliters of the sperm sample were added into the droplets with oocytes to give a final sperm concentration of 0.5 3 10 6 sperm/ml. After 4-6 h of incubation, putative zygotes were rinsed and cultured in 500 ll of porcine zygote medium 3 in four-well Nunclon dishes (Nunc) at 38.58C and 5% CO 2 in air. Following IVF, 2-cell embryos, 4-to 8-cell embryos, and blastocysts were collected from the culture at 30, 60, and 144 h (Day 6) postinsemination, respectively.
SOLiD Sequencing
Small RNA (,200 nucleotides) were isolated from GV cumulus cells, MII cumulus cells, 1245 GV oocytes, 1309 MII oocytes, 787 embryos at the 4-to 8-cell stage, and 395 blastocysts using the mirVana miRNA Isolation Kit (Ambion) and used to create barcoded small RNA libraries (SOLiD Small RNA Expression Kit; Ambion), according to the manufacturer's protocol with some modifications (Supplemental Fig. S1 ; all supplemental data are available online at www.biolreprod.org). Briefly, the small RNA samples were ligated with Adaptor Mix A by incubation at 168C for 16 h to yield templates for SOLiD sequencing from the 5 0 end of the sense strand. Reverse transcription of the ligated samples to synthesize cDNA was conducted at 428C for 30 min. Following cDNA synthesis, RNase H treatment was used to digest the RNA from RNA/cDNA duplexes and to reduce the concentration of unligated adaptors and adaptor by-products. To provide sufficient quantity of cDNA for SOLiD sequencing, each library was amplified using the supplied barcoded primer sets and 18-22 cycles of PCR according to the recommended cycling parameters. After evaluation of the PCR product by running 5-10 ll on a 6% polyacrylamide gel, replicated PCRs from each sample were combined into a single tube and cleaned using the MinElute PCR Purification Kit (Qiagen) to remove unincorporated primers, enzymes, and salt. Samples were separated on a 6% polyacrylamide gel and stained with SYBR gold dye (Life Technologies). The 105-to 150-bp region for each library were excised and purified, by elution in 0.3 M NaCl, and then precipitated with 100% ethanol and resuspended in 20 ll of nuclease-free water. The quality and quantity of cDNA libraries were determined using a 2100 Bioanalyzer (Agilent) and a NanoDrop 1000 Spectrophotometer (Thermo Scientific). Six small RNA cDNA libraries were subjected to massively parallel deep sequencing using the SOLiD sequencing system at the University of Iowa DNA Core Facility following the vendor's recommended protocol for small RNA sequencing.
Analysis and Classification of Short Reads
To map generated short reads back to the pig genome (Sscr9.62), two different methods were utilized. First, Bowtie was used directly to generate a colorspace index and perform the colorspace alignment [51] . From the left and right end of the reads, one and two bases, respectively, were trimmed off, and the ''seed length'' was set at 14 with one mismatch. Second, Blastn was used to align the transformed raw reads in fasta format with 17 base perfect matches. The raw reads were transformed using custom scripts, quality control was performed (i.e., adaptor sequences trimmed off), and low-quality (.3 Ns) and low-complexity (.10 consecutive nucleotides) readers were discarded. The coordinates of short reads matching the pig genome at least three times were extracted to obtain genomic positions of potential small RNA and used for further analyses.
The mapped short reads were assigned their corresponding annotation by comparing their coordinates to those of noncoding RNA, protein-coding genes, and repetitive elements, with at least 15 nucleotides overlapping (conducted via custom Perl scripts). The genomic coordinates of noncoding RNA and proteincoding genes (Sscr9.62) were downloaded using Ensembl Biomart. The coordinates of repetitive elements (LINE, SINE, etc.) were obtained using RepeatMasker on the genome sequences (Sscr9.62). To annotate piRNA that had been previously identified in growing unfertilized eggs in human, mouse, and rat, de novo piRNA in the pig genome were predicted using piRNA version 2 datasets downloaded from a comprehensive mammalian noncoding RNA database (RNAdb) [52] to compare against the pig genome using Megablast. All piRNA with greater than 95% identity were utilized for further analysis. This comparative method could provide a list of well-conserved piRNA, though not all of piRNA sequences are conserved across species [53, 54] .
MicroRNA Microarray
To detect the presence of specific miRNA in GV and MII oocytes, a heterologous microarray technique was utilized. Total RNA containing miRNA from GV oocytes and in vitro-matured MII oocytes were isolated using the mirVana miRNA Isolation Kit. To determine the miRNA microarray detection limits, two different amounts of total RNA (1 lg and 50 ng) without amplification were used to hybridize with the miRCURY array (Exiqon) that consisted of 1600 capture probes from multiple species and control probes. Labeling, hybridization, scanning, and analysis was conducted by Exiqon.
Quantitative RT-PCR
Quantitative RT-PCR was utilized to determine expression changes for MIR574, MIR24, LET7E, MIR23B, MIR30D, MIR320, and MIR30C using commercially available TaqMan MicroRNA Assays (Applied Biosystems). Additionally, two custom-designed small RNA assays were developed to quantify the expression of the piR16993 and piR84651 (Supplemental Table  S1 ). For oocyte and embryo samples, quantitative RT-PCR was conducted in a manner that enabled comparisons to be made on the amplification of RNA template equivalent to one oocyte or embryo. Pools of 25 GV oocytes, MII oocytes, 2-cell embryos, and 4-to 8-cell embryos (n ¼ 4 pools/stage) were lysed in 25 ll of cell lysis buffer (TaqMan Gene Expression Cells-to-CT Kit; Ambion), and 1 ll of lysate (equivalent to one oocyte or embryo) was reverse transcribed to cDNA in 15-ll reaction mixtures using TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems) and stem-loop RT primers. Briefly, the RT mix was incubated at 168C for 30 min, 428C for 30 min, and 858C for 5 min. From the RT reaction, 1.33 ll of cDNA were used for PCR amplification in 20-ll reaction mixtures. PCR parameters were 958C for 10 min, followed by 50 cycles of 958C for 15 sec and 608C for 60 sec. All reactions were performed in duplicate to determine an average threshold cycle (C T ) value. For cumulus cells, total RNA of GV cumulus and MII cumulus (n ¼ 4 per stage) was extracted using the mirVana miRNA Isolation Kit, and 10 ng of total RNA were utilized for TaqMan MicroRNA Assays as described below. RNU 43 was used as endogenous control for cumulus cell samples to correct for discrepancies in RNA quantification and loading. For mRNA expression analysis of secretory carrier membrane protein 4 (SCAMP4), pools of 25 oocytes and embryos (n ¼ 4 pools/stage) were lysed as described above, and 2 ll of lysate (equivalent to two oocytes or embryos) was utilized for quantitative RT-PCR using QuantiTect SYBR Green RT-PCR Kit (Qiagen). PCR primers for SCAMP4 analysis were 5 0 -ATCGGCTTCTCAGGATGG-3 0 (forward) and 5 0 -CGACACGGAGAACATAATGG-3 0 (reverse). The PCR product was sequenced to confirm specificity of the primers.
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Relative quantification of the expression level was evaluated with the comparative C T method as previously described [55] . Briefly, for quantitative RT-PCR analysis of cumulus cell RNA, the DC T value was determined by subtracting the target C T of each sample from its RNU 43 C T value. Following normalization, the DDC T was calculated using the single greatest sample DC T value (i.e., the sample with the lowest expression) to subtract from all other sample DC T value. Assuming that each cycle difference is equivalent to a 2-fold difference, relative fold-change for each sample was calculated by applying the equation 2 DDCT . To compare the expression patterns between oocytes and early embryos, the DC T value was determined using the single greatest sample C T value (i.e., the sample with the lowest expression) to subtract from all other sample C T values. Relative fold-change for each sample was calculated by applying the equation 2 DCT . To compare the expression pattern, the mean relative fold-change from four replicates was determined for each stage (see Figs. 2B and 3C).
Western Blot Analysis
Pools of 40 GV oocytes, MII oocytes, 2-cell embryos, and 4-to 8-cell embryos (n ¼ 4 per stage) were collected, snap-frozen in liquid nitrogen, and stored at À808C. Samples (n ¼ 4 per stage) were lysed using SDS sample buffer (10 ml of 33 stock solution including 1 M Tris-HCl [pH 6.8], 2.4 ml; 20% SDS, 3 ml; glycerol [100%], 3 ml; b-mercaptoethanol, 1.6 ml; and bromophenol blue, 0.006 g) and heated to 958C for 4 min, followed by cooling on ice. Total protein was separated in a 4%-20% precast SDS-PAGE gradient gel (Lonza) for 30 min at 60 V and 90 min at 120 V and then electrophoretically transferred onto a nitrocellulose membrane for 1 h using 100 V at 48C. Following transfer, the membrane was blocked for 1 h at room temperature with 5% low-fat milk in PBS buffer containing 0.1% Tween-20 (PBST). For SCAMP4 protein detection, after protein transfer the membrane was incubated overnight at 48C with 0.5% low-fat milk in PBST with 1:600 dilution of rabbit anti-SCAMP4 antibody (Sigma), followed by three rinses of 10 min each in PBST. The membrane was then incubated for 1 h at room temperature with horseradish peroxidase-conjugated donkey anti-rabbit IgG (GE Healthcare U.K.) diluted 1:2000 with 0.5% low-fat milk in PBST. After three washes in PBST, membranes were processed using chemiluminescence detection system (Millipore Corporation). To detect a-tubulin (used as a control), the same membrane was stripped and reblotted with 1:5000 rabbit anti-a-tubulin monoclonal antibody (Millipore). Detected bands of predicted size for SCAMP4 and a-tubulin protein were quantified by determining the median pixel intensity using ImageJ software [56] . Relative quantification of the SCAMP4 protein expression level was evaluated by dividing the pixel intensity of the SCAMP4 band of each sample by its a-tubulin pixel intensity value to produce normalized values. Following normalization, relative differences were calculated for each sample by dividing the normalized values of all samples to the single smallest normalized value. To compare the expression pattern, the mean relative fold-change from four replicates was determined for each stage (see Fig. 5C ).
Statistical and Functional Analyses
Statistical analyses of the differential expression of small RNA, repeats, and proteins based on the number of short reads were done by using the MA plotbased method and correction for false discovery rate in DEGseq [57] . Regression and correlation analyses were performed and Venn diagrams were drawn in R [58] . Targets of miRNA were predicted using TargetScan [59] , and DIANA-mirPath was used to predict the miRNA/biological process relationship [60] . Functional enrichment of gene pathways affected by expressed miRNA was analyzed in DAVID [61] .
Quantitative RT-PCR DC T values collected from oocytes and early embryos were analyzed with PROC MIXED of the Statistical Analysis System (SAS Institute, Inc.). The statistical model used in the analysis tested the fixed effect of stage (GV oocyte, MII oocyte, 4-to 8-cell embryo, and blastocyst). Significant (P , 0.05) differences of piRNA and miRNA expression in the maturing oocyte and early embryo were determined by probability differences of least-squares means between oocyte and early embryo stages of development. Comparing piRNA and miRNA between cumulus cell stages was done using a standard t-test to identify significant (P , 0.05) differences between quantitative RT-PCR DC T values. Western blot intensity differences between stages of development were also compared using a standard t-test. YANG ET AL.
RESULTS
Small RNA Profiling
To characterize the small RNA population of GV oocytes, MII oocytes, 4-to 8-cell and blastocyst-stage embryos, and cumulus cells derived from GV and MII oocytes, small RNA libraries created were subjected to deep sequencing. Small RNA sequences obtained following sequencing that were successfully aligned to the pig genome represented a unique composition detailed in Supplemental Table S2 . For all of the libraries sequenced, a large proportion of the expressed fragments were 17 nucleotides in length, which is different from similar experiments reported in mice [8, 9] and may be the result of library construction strategy before sequencing or biological variation between species. Of the remaining sequence reads mapped to the pig genome, distribution peaks at 22 and 27-28 nucleotides (Supplemental Fig. S2 ) correspond to the size ranges of miRNA and siRNA, respectively, consistent with similar studies conducted in mice [8, 9] .
The composition of small RNA sequences for each oocyte and embryo stage of development revealed that rRNA were the most predominant small RNA class in cumulus cells derived from MII oocytes and in 4-to 8-cell embryos (Table 1) . Transfer RNA were the second most abundant class of small RNA in oocytes and embryos, whereas miRNA were abundantly expressed in cumulus cells derived from GV and MII oocytes ( Table 1 ). The frequency of miRNA, relative to all other small RNA, was found to decrease markedly during oocyte IVM from the GV (21.9%) to the MII (5.6%) stage and remain at a similar level at the 4-to 8-cell (6.3%) and blastocyst (10.7%) stages. However, the method used to detect piRNA only identified conserved piRNA across species. Because of this, substantial changes in the expression of pigspecific piRNA could alter the frequency of other RNA classes for each library. Based on the strategy employed for piRNA identification, piRNA conserved across species represented a relatively small proportion of the libraries (2.7%-5.3%). The patterns of miRNA and piRNA expression from MII oocytes to 4-to 8-cell embryos and blastocysts were similar to those previously observed in mice [29] . Furthermore, piRNA also were found in pig GV cumulus (3.9%) and MII cumulus (3.3%) cells. Interestingly, in GV oocytes, relatively large quantities of both miRNA and conserved piRNA were identified. Furthermore, no significant changes of small RNA and repetitive elements were found at different developmental stages (regression analysis, P . 0.05). However, small RNA expression patterns were similar for oocytes and early embryos, but different compared to cumulus cells.
Piwi-Interacting RNA Expression Profile
Piwi-interacting RNA are small noncoding RNA that can have significant implications on germ cell development and function. To characterize piRNA expression in the COC and developing pig embryo, piRNA in the pig genome were predicted, and short sequence reads were aligned back to the pig genome to profile the abundance of well-conserved piRNA across species from our small RNA library. In total, 48 620, 30 612, 44 309, 31 340, 30 652, and 19 354 short reads corresponding to conserved piRNA sequences were identified in the pig genome in cumulus cells from GV and MII oocytes, GV and MII oocytes, 4-to 8-cell embryos, and Day 6 blastocysts, respectively. Most identified piRNA reads were located on chromosome 6 in all six samples (Fig. 1, A and B, and Supplemental Fig. S3 ). The total number of conserved piRNA genes with at least three short reads was similar over the course of oocyte maturation and embryo development (Supplemental Table S3 ). Furthermore, on chromosome 6, a piRNA cluster was identified with 63 piRNA in a 13-kb region (246415-259463), one of which, piR84651 (chromosome 6: 246415-246443), was abundantly expressed in oocytes and embryos, representing 41.6%-80.7% of the total piRNA reads, depending on the stage of development. Two of the piRNA, piR84651 and piR16993 (chromosome 6: 259149-259176) were confirmed to be expressed in pig oocytes, early embryos, and cumulus cells using quantitative RT-PCR (Fig. 2) . In all, these data demonstrate that piRNA conserved across species have a unique genomic organization and expression pattern in pig oocytes, embryos, and cumulus cells, providing important information for future studies to determine the potential involvement of specific piRNA in female germ cell development.
MicroRNA Expression Profile
MicroRNA are small noncoding RNA that primarily regulate mRNA stability and translation efficiency through PTGR. Following mapping of generated short reads to the pig genome and analysis, 261 772, 210 376, 186 391, 40 86, 36 681, and 77 507 short reads corresponding to annotated miRNA sequences in the pig genome (based on miRBase and Ensembl annotation of pig miRNA) were acquired for cumulus cells from GV and MII oocytes, GV and MII oocytes, 4-to 8-cell embryos, and blastocysts, respectively. However, chromosomal distribution of miRNA reads varied according to developmental stage of oocyte and early embryos (Fig. 1, C 
FIG. 2. Quantitative RT-PCR validation of expression of piRNA in the COC and developing embryo.
A) PIR84651 and PIR16993 expression in cumulus cells isolated from GV and MII oocytes. B) PIR84651 and PIR16993 expression in denuded GV and MII oocytes and 2-cell and 4-to 8-cell embryos following IVF. Different lowercase letters represent significant differences (P ,0.05). . From GV oocytes, MII oocytes, and the 4-to 8-cell embryos, the number of generated small reads that align to SCAMP4 mRNA exonic region increase and then decrease significantly at the blastocyst stage of development. B) Quantitative RT-PCR results of SCAMP4 mRNA expression level. The data indicate SCAMP4 mRNA abundance decreases concomittant with an increased abundance of a small RNA population that align with SCAMP4 mRNA. C) SCAMP4 Western blot. During oocyte maturation, SCAMP4 protein level is significantly reduced; however, despite reduced transcript levels, SCAMP4 protein abundance in early embryos following fertilization is not different compared to GV or MII oocytes. Inset is a representative Western blot from the total of four replications. Significant differences (P , 0.05) are indicated by different lowercase letters.
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FIG. 4.
Venn diagrams demonstrating the number of mRNA predicted to interact with miRNA expressed at different developmental stages. Top) Number of mRNA for which the exonic regions align to generated small RNA reads. Many of these mRNA are involved in phosphoprotein and cytoskeleton pathways. Bottom) Number of shared genes with mRNA 3 0 UTR that aligned to generated small RNA reads. Many of these mRNA are predicted to participate in phosphoprotein, chromosome, and acetylation pathways. More genes aligned with small RNA via sequence complementation in exonic regions in comparison to 3 0 UTR. For both Venn diagrams: circle A, number of shared genes predicted to interact with generated small RNA reads for GV and MII oocyte libraries; circle B, number of shared genes predicted to interact with generated small RNA reads for MII oocyte and 4-to 8-cell embryo libraries; circle C, number of shared genes predicted to interact with generated small RNA reads for 4-to 8-cell embryo and blastocyst libraries.
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and D, and Table 1 ; Supplemental Fig. S3 and Supplemental Table S4 ). However, the miRNA on chromosome 6 appear to maintain stable abundance across all stages. Within the abovementioned piRNA cluster on chromosome 6 (248686-258696), six miRNA were also identified. Furthermore, six different miRNA from other chromosomes appear to be duplicated into this region (Supplemental Table S5 ). These six miRNA are less abundant in MII oocytes compared to early embryos, which could potentially be related to the expression changes of the piRNA cluster observed in this region.
The utilization of next-generation sequencing was essential for the identification of miRNA present in the developing COC and embryo. Additionally, a heterologous miRNA array spotted with 1960 multispecies miRNA probes and 40 small RNA control probes was used to detect the miRNA expression in maturing pig oocytes. The number of detectable probes using 1 lg of total RNA (461 of 1960) was greater than that using 50 ng of total RNA (246 of 1960), demonstrating that the amount of starting RNA impacts the detectable sensitivity of miRNA array system. Of the 461 detected probes, 19 were more abundant (!1.5-fold) in immature oocytes, and 33 probe sets demonstrated greater (!1.5-fold) signal in MII oocytes (Fig. 3A) . Interestingly, MIR21 was abundantly increased during IVM, and we subsequently validated this observation repeatedly.
Seven miRNA (MIR574, MIR24, LET7E, MIR23B, MIR30D, MIR320, and MIR30C) were selected based on the miRNA array and deep sequencing results (Fig. 3A and Supplemental Table S4 ) and validated using stem-loop quantitative RT-PCR in pig cumulus cells, oocytes, and embryos (Fig. 3, B and C) . By deep sequencing, the number of short reads classified as MIR574 was significantly different between GV oocytes and early embryos, which was also confirmed by the quantitative PCR data (Fig. 3C and Supplemental Table S4 ). In both cumulus cells and oocytes, MIR574 was significantly reduced during IVM (Fig. 3, B and C), and MIR21 was significantly increased in the same samples during IVM (Fig. 3A) . Target genes predicted for MIR574 by TargetScan and DIANA-mirPath are involved in transcription activation, regulation of transcription and RNA metabolic process, DNA binding, and nucleus pathways (Supplemental Table S6 ). However, functional demonstration of the direct involvement of MIR574 during oocyte development is still needed.
Association with Repetitive Elements and Regulation of Protein-Coding Genes
Generated short reads were further characterized with regard to their genomic alignment to annotated repetitive element classes. This alignment revealed that the small RNA expression profile for different cell types represented repetitive element classes differently (Table 2 ). Similar to results in mice, a large proportion of small RNA appears to be associated with L1 elements [8, 9, 29] . Additionally, these data demonstrate the regulation of another repetitive element, SINE/tRNA-Glu, both in cumulus cells and in oocytes, during IVM.
Short reads that mapped perfectly to exonic sequences and 3 0 untranslated regions (3 0 UTRs) of protein-coding mRNA were retrieved separately (Fig. 4) . This approach could help us to understand the regulatory roles of siRNA, which are partially derived from pseudogenes and bidirectional transcripts [8, 9] . Genes identified by small RNA (i.e., siRNA) mapping directly to their exonic regions are involved in phosphoprotein and cytoskeleton pathways, compared to genes for which small RNA reads (i.e., miRNA) map directly to their 3 0 UTR, which primarily are associated with phosphoprotein, chromosome, and acetylation pathways. This suggests that different small RNA classes may regulate specific molecular pathways during oocyte maturation and early embryo development. We further demonstrated the experimental validation of computational results through the characterization of SCAMP4 mRNA and protein expression. Following mapping of small RNA to SCAMP4, the number of reads that have the potential to interact with SCAMP4 mRNA increased during oocyte maturation (Fig. 5A ), concomittant to a temporal decrease of SCAMP4 mRNA abundance (Fig. 5B) . Furthermore, SCAMP4 protein expression in GV and MII oocytes is reduced during maturation, suggesting the increased small RNA level during maturation may contribute to the regulation of SCAMP4 protein translation (Fig. 5C) . Interestingly, despite reduced transcript levels, SCAMP4 protein levels in early embryos after fertilization are not different compared to those of GV or MII oocytes.
DISCUSSION
During mammalian oocyte development, the transcript and protein repertoire undergo dynamic changes despite significantly reduced transcriptional activity within the oocyte following GVBD. Some of these changes are thought to occur as a result of PTGR. Functional noncoding RNA play critical regulatory roles contributing to PTGR, including mRNA YANG ET AL.
degradation, translational repression, and chromatin modification in both oogenesis and embryogenesis [8, 9, 28, 29] . To begin characterization of miRNA and small RNA expression in the maturing oocyte and preimplantation pig embryo, nextgeneration sequencing and a heterologous miRNA microarray approach were utilized. The heterologous miRNA array technology was utilized based on the assumption that the many mature miRNA sequences are the same between mammals [62] , and this approach has already been used to profile miRNA expression in bovine oocytes and embryos [63, 64] . Several hundred expressed miRNA in pig oocytes were detected, demonstrating universal expression. However, the microarray-based method has its limitations, including lower detection rates requiring increased RNA quantity for hybridization. The application of next-generation sequencing can overcome some of these limitations and has a wide range of detection and high sensitivity, which may enable the identification of novel regulatory mechanisms in oocyte and embryo development [8, 9] .
Considering the difficultly in acquiring sufficient total RNA for each library, only one replication per stage was subjected to deep sequencing, as has been the case in similar experiments [8, 29] . The samples used in the present study represent pools of oocytes and embryos collected from multiple biological replicates (n ! 4). Whereas mapping frequency can be used to compare the relative expression of small RNA classes annotated from the sequencing reads [29] , we utilized a statistical method simultaneously considering the differential expression of small RNA [57] .
Piwi-interacting RNA are expressed predominantly in the germline, and disruption in their expression can cause severe defects of gametogenesis in Drosophila, suggesting its critical role in maintenance of germline integrity [65] . Compared to miRNA, however, piRNA are less understood, and characterization of piRNA expression in pig germ cells is still lacking. Although the primary sequences of piRNA are not well conserved between some species [11] , our comparative method identified those piRNA conserved across species. This approach limits the identification of novel piRNA, but it does permit identification of those piRNA that may have critical functions in germ cell development across species. We found conserved piRNA in maturing pig oocytes and early embryos to occupy 2.6%-5.3% of all annotated small RNA sequences. Interestingly, these data also demonstrate the presence of a piRNA cluster on pig chromosome 6 could be related to the development of oocytes and early embryos in pigs. In mice, piRNA are encoded in clustered genomic loci, and most piRNA are found to be just on one chromosomal strand [11] , showing cluster chromosomal distribution and strong chromosomal strand bias. In the present study, these data demonstrate that most conserved piRNA reads and their genomic loci are on chromosome 6 and are also organized as a cluster. The distribution of conserved piRNA reads on chromosome 6 demonstrate plus strand bias in maturing pig oocytes and 4-to 8-cell embryos, whereas no strand distribution difference was observed in the blastocyst-stage embryo. Interestingly, differentiated somatic cells (cumulus cells) demonstrated a minus strand bias. The observation of cluster distribution and strandspecific bias of conserved piRNA on chromosome 6 is consistent with other observations in mice [11] , and the differences of chromosomal strand bias in these samples may suggest alternative mechanisms of regulation depending on the cell type and stage of development.
Although abundantly expressed in germ cells, piRNA have recently been demonstrated to be expressed in somatic cells surrounding developing oocytes in Drosophila [66, 67] . Similarly, these data demonstrate the existence of conserved piRNA in pig cumulus cells surrounding the oocyte during maturation. In addition to protecting germ cell genome stability by silencing specific genetic elements [68] , recent studies have demonstrated new functional roles of the piRNA pathway in different cellular processes, including regulation of maternal mRNA deadenylation and decay in the developing embryo [16] , telomere protection [15] , and involvement in phenotypic variation of embryonic development [69, 70] . The data presented in this study may provide useful information toward developing an understanding of the functional roles of conserved piRNA during meiosis and early embryo development in domestic animals.
Despite being of similar size and sharing microprocessor components with miRNA (i.e. Dicer), endo-siRNA are distinct in origins and are derived mainly from repetitive elements, including pseudogenes and repetitive element-derived retrotransposons. Endo-siRNA are enriched in germ cells, and strong siRNA activity has been shown in mature mouse oocytes, suggesting a role of endo-siRNA in oogenesis [8, 9, 71, 72] . In the present study, the existence of endo-siRNA in pig oocytes and early embryos was also confirmed. Similar to conserved piRNA, the existence of endo-siRNA was also detected in the cumulus cells surrounding pig oocytes during IVM. Cellular communication between the oocyte and surrounding cumulus cells occurs during oocyte development and maturation and is critical for the oocyte to obtain the ability for subsequent fertilization and embryonic development [73, 74] . This knowledge may provide partial explanation for the existence of what were thought to be germline-specific piRNA and endo-siRNA expressed in cumulus cells, as also occurs in Drosophila [66, 67] , or the potential that expression could occur in either the oocyte or surrounding cumulus and be transported into the other. Moreover, during the time window of mammalian oocyte meiotic maturation and early development, reprogramming events occur frequently, and maternal and zygotic siRNA and piRNA may function to protect genome stability by silencing retrotransposons and ensuring normal development. These data provide foundational information to further investigate the communication function of siRNA and piRNA between oocytes and surrounding cumulus cells that may contribute to the regulation of oocyte maturation.
MicroRNA are transcribed as primary transcripts and then undergo stepwise maturation via Drosha and Dicer to produce a functional mature miRNA. Whereas some miRNA are expressed constitutively, others are expressed in developmental, temporal, and/or tissue-specific manners. Sequencing of small RNA libraries has led to the identification of miRNA in oocytes and early embryos in mice [29] and now in pigs. Surprisingly, recent studies have found that the miRNA are inactive in fully grown mouse oocytes even when both miRNA and their mRNA targets are present [72] . Also interesting is that ablation of DGCR8, a protein essential for miRNA processing, does not affect the maturation and early embryo development [71] . However, the mechanism of miRNA functional loss in mouse oocytes and early embryos is unclear, and whether the case in pigs is the same is unknown. Quantitative RT-PCR has demonstrated significant differences of PIR84651 and MIR574 expression during pig oocyte maturation, and the functional studies of these small RNA in the regulation of pig oocyte maturation are ongoing.
One plausible explanation for miRNA functional loss during oocyte maturation is the expression and activity of RNAbinding proteins, such as dead end homolog 1 (DND1). Through interactions with the 3 0 UTR of miRNA-targeted SMALL RNA EXPRESSION IN PIG OOCYTES AND EMBRYOS transcripts, DND1 has been demonstrated to prevent miRNAmediated mRNA degradation [75] . We have further demonstrated the expression of DND1 in the developing pig oocyte and early embryo before activation of the embryonic genome and have demonstrated its ability to bind and interact with RNA molecules associated with pluripotency, suggesting a possible mechanism of reduced miRNA function during the period of time when the oocyte and early embryo are transcriptionally quiescent [76] .
Despite PTGR being a highly regulated process in the oocyte and early embryo, our approach in the present study demonstrated the ability to utilize small RNA sequencing information to identify mRNA that may be regulated posttranscriptionally. This study demonstrated SCAMP4 protein was differentially expressed at different developmental stages, as predicted based on putative interactions with numerous small RNA that are expressed in a temporally regulated manner. The dynamic relationship between SCAMP4 mRNA and protein expression and the number of expressed short reads that map to the exonic region of SCAMP4 mRNA suggests posttranscriptional regulatory mechanisms of SCAMP4 in oocyte maturation and early embryo development. SCAMP4 is a secretory carrier membrane protein related to exocytosis and regulated by steroid hormones [77, 78] , although the precise function of SCAMP4 during oocyte maturation and early embryonic development is not known. Despite the lack of known function in the maturing oocyte and developing embryo, these data importantly demonstrate the possibility of identifying potential targets of PTGR by aligning numerous small RNA reads from sequencing to a single mRNA sequence.
The present results describe the comprehensive profile of small RNA in maturing oocytes, cumulus cells, and early embryonic development in the pig. Future investigations will involve the characterization of specific functional roles of noncoding small RNA during oocyte and embryo development in pigs.
